INTRODUCTION
============

Marfan syndrome (MFS) is a dominantly inherited connective tissue disorder with prominent ocular, skeletal, and cardiovascular abnormalities. Approximately, 1 in 5,000 individuals are affected by this syndrome. The primary cause of morbidity and mortality in MFS is the dilatation and dissection of ascending aortic roots, which is often asymptomatic until a life-threatening aortic rupture occurs ([@b5-bt22-2-0143]).

MFS is caused by mutations in the gene encoding fibrillin-1 (*FBN1*), the major structural constituent of extracellular microfibrils. Microfibrils are abundant in the elastic fibers of the aorta. Therefore, *FBN1* mutations have been thought to contribute to aberrant aortic microfibril assembly. Such an aberrant assembly of microfibrils could contribute to the fragmentation of elastic fibers and increase the mechanical strain on the aortic walls, leading to aortic dilation and dissection. However, this "weak connective tissue" theory was challenged by the recent findings that microfibrils modulate the activity of transforming growth factor beta (TGF-β) superfamily and that *FBN1* deficiency promotes the release of extracellular matrix-bound TGF-β, thereby promoting the downstream TGF-β signaling pathways ([@b13-bt22-2-0143]). Indeed, several studies have found significantly higher activation of Smad2 in the aortic tissues of human MFS patients than in those of controls, implying that dysregulation of TGF-β signaling pathway is also involved in the development and/or progression of MFS ([@b11-bt22-2-0143]; [@b9-bt22-2-0143]). Although previous studies have proven that MFS is a monogenetic disorder caused by mutations in *FBN1*, the precise molecular mechanism leading to aortic dilation and dissection in MFS remain unknown. Additionally, there is considerable inter- and intra-familial variability in the severity of MFS ([@b16-bt22-2-0143]). The variable and unpredictable progression of MFS impedes its clinical management and prediction of the risk for aortic rupture. Therefore, it is important to understand how MFS progresses in the aortic tissues.

The *FBN1* hypomorphic mouse (mgR/mgR) has been used as a murine model of MFS ([@b15-bt22-2-0143]). While FBN1 knockout mice die soon after birth and show morphologically normal elastic fibers in the vasculature, hypomorphic mgR mice live long enough to display histopathological changes reminiscent of that in patients with MFS. Further, homozygous mgR mice gradually develop MFS-like manifestation during their lifespan, and their phenotypic severity depends on the residual expression level of FBN1 protein. In this regard, hypomorphic mgR mice are suitable for investigating the progressive changes in the gene expression profile of the aortic walls as MFS advances. Although previous studies have used murine models or human samples to investigate the differences in the gene expression between normal and MFS subjects, little is known about the dynamic changes in gene expression profiles associated with the disease progression. Therefore, we sought to characterize the transcriptomes of aortic tissues at successive pathological stages of MFS by using hypomorphic mgR mice.

MATERIALS AND METHODS
=====================

Animals
-------

Homozygous mgR mice and their wild type (WT) siblings (Jackson Laboratory, Bar Harbor, ME) were used in all the experiments. All protocols were approved by the Institutional Animal Care and Use Committee of Ajou University. The animals were cared in accordance with the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health. For the surgical procedures, the mice were anesthetized by intraperitoneal injection of ketamine and xylazine (79.5 mg/kg and 9.1 mg/kg, respectively). The adequacy of the anesthesia was assessed by monitoring the pedal withdrawal reflex response.

Quantitative real-time polymerase chain reaction analysis
---------------------------------------------------------

Total RNA was extracted from cells or tissues using Trizol reagent (Invitrogen, Carlsbad, CA), and cDNA was synthesized using Superscript first-strand synthesis kit (Invitrogen). Real time PCR was performed using SYBR-Green PCR master mix (Applied Biosystems, Carlsbad, CA) on a StepOnePlus^TM^ Real-Time PCR System (Applied Biosystems). Data analysis was performed using the ΔΔ Ct method, and values for *GAPDH* were used for normalization. All the reactions were performed in triplicate. The following primers were used for the reactions: FBN, forward 5′-GGAATGACATCAGCAGGCAC-3′, reverse 5′-TACACAAATCCTTTGGGGCA-3′; GAPDH, forward 5′-CGTGGAAGGACTCATGAC-3′, reverse 5′-CAAATTCGTTGTCATACCAG-3′.

Aortic wall histopathology
--------------------------

After systemic perfusion fixation using 4% paraformaldehyde, the thoracic aorta was excised and embedded in paraffin. Cross-sections of the aortic tissue (5 μm in thickness) were dewaxed, rehydrated in ethanol, and stained with hematoxylin-eosin and Movat's pentachrome to visualize fragmented elastic fibers.

cDNA microarray
---------------

For gene expression analysis, the mice were sacrificed at the age of 12--20 weeks, and their thoracic aorta were snap frozen and pestle ground under liquid nitrogen. Trizol reagent (Invitrogen) was used for the extraction of RNA from the powdered tissue. The gene expression profiling of the tissues from homozygous mgR and WT mice was performed using Affymetrix Genechip Mouse Gene 1.0 ST microarray (Affymetrix, Santa Clara, CA). Briefly, biotinylated cDNAs were synthesized from equal amounts of total RNA. After cDNA probes were hybridized as described in the Gene Chip whole transcript sense target labeling assay manual (Affymetrix), the chips were scanned using a Genechip Array scanner 3000 7G (Affymetrix) and the scanned images were analyzed using the Affymetrix Command Console software (version1.1). Probes with *p* value of \<0.05 were used for analysis and were normalized using the Robust Multi-array Average normalization method.

Gene ontology (GO) analysis
---------------------------

We first mapped all the probe sets to NCBI official gene symbols and used an average expression value of a probe set for a corresponding gene. To identify differentially expressed genes (DEGs) across WT and four homozygous mgR mice, we used a 2-fold change threshold for all the comparisons. We first identified gene differentially expressed in WT and each of the four homozygous mgR mice, and combined all the DEGs as an input for hierarchical clustering. Heat maps were drawn using the MeV4 software. We used DAVID 6.7 for GO term enrichment analysis of identified DEGs.

Statistical analysis
--------------------

All the data are expressed as mean ± standard error of the mean (SEM). Comparisons of parameters between groups were made using the post-hoc Student's *t*-tests for unpaired observations. *p*\<0.05 was regarded as statically significant.

RESULTS
=======

Histopathological evaluation of aortic media of WT and homozygous mgR mice
--------------------------------------------------------------------------

Hypomorphic FBN1 mutant mgR/mgR mice exhibited several skeletal deformities similar to those seen in MFS patients. The mice displayed overgrowth of the ribs, severe kyphosis, and diaphragm hernia, which was associated with their death approximately 3 to 5 months after birth (data not shown). As expected, vascular tissue of the homozygous mgR mice showed MFS-like characteristics, including the loss of elastin content and fragmentation as well as disorganization of elastic fibers throughout the vessel wall ([Fig. 1A](#f1-bt22-2-0143){ref-type="fig"}). Based on the increasing histopathological severity in the aortic walls, homozygous mgR mice were graded into mgR1, mgR2, mgR3, and mgR4. The mgR1 mouse showed intact elastic laminae. However, mgR2 and mgR3 mice showed several breaks and smoothened curvature of elastic fibers in the aortic walls. Further, the mgR4 mouse showed the most severe kinking and breaking of the elastic fibers and suffered from intimal hyperplasia that is often associated with deposition of collagen and amorphous matrix. Thus, the four mgR mice used in this study represented various stages of MFS with progressive alterations in aortic histopathology. Additionally, quantitative real-time PCR analysis revealed that the expression levels of FBN1 was substantially lower in the aortic tissues of mgR mice than in those of the WT animals ([Fig. 1B](#f1-bt22-2-0143){ref-type="fig"}). Of all the mgR mice examined, FBN1 mRNA level was lowest in the aortic tissue of the mgR4 mouse.

cDNA microarray of WT and homozygous mgR mice
---------------------------------------------

To characterize the temporal changes in gene expression associated with the disease progression, cDNA microarray analysis was performed with aortic tissue samples harvested from WT, mgR1, mgR2, mgR3, and mgR4 mice. Comparative gene expression profiling revealed that the expression of 1,137 genes was altered during the course of disease progression. The heat map shown in [Fig. 2](#f2-bt22-2-0143){ref-type="fig"} indicated that gene expression profiles of the four mgR mice were markedly different from that of the WT animals. The gene expression profile of the mgR1 mouse that showed only minor changes in the aortic lesion was similar to that of the WT mice. Notably, the gene expression profile of mgR4 mouse with the most severe pathological condition showed the greatest difference from that of the WT mice. The extent of the changes in the gene expression of mgR2 and mgR3 mice with modest phenotypic alteration was more than that of mgR1, but less than that of mgR4. Thus, the severity of aortic histopathology in the four mgR mice was well correlated with the extent of the changes in their transcriptomes from that of the WT mice. GO enrichment analysis of 1,137 DEGs reveals that genes involved in processes such as oxidation/reduction, myofibril assembly, actin cytoskeleton organization, and cell adhesion were highly enriched in the mgR mice ([Table 1](#t1-bt22-2-0143){ref-type="table"}). These GO terms are highly relevant to the contractile function and survival of vascular smooth muscle cells. Thus, mgR mice seemed to have recapitulated the pathological feature of MFS, i.e., aortic dilatation and dissection.

Five Clusters with different gene expression profiles during MFS progression
----------------------------------------------------------------------------

Since the expression of the genes related to MFS pathogenesis was likely to be persistently elevated or repressed during the disease progression, we grouped 1,137 DEGs into 16 clusters according to their expression patterns by means of K-mean clustering analysis. Out of the 16 clusters, we chose five clusters that represented progressive changes in gene expression as seen in the four mgR mice and listed several genes that were likely to be associated with MFS pathogenesis ([Fig. 3](#f3-bt22-2-0143){ref-type="fig"}). Genes in clusters I, II, and III were expressed in high levels in WT and/or mgR1 mice that showed only minor aortic pathogenesis, but were expressed only at low levels in mgR mice that showed severe pathological conditions in the aortic walls. As MFS progressed, genes involved in cell proliferation (MET, MSLN, IRS2), migration (SSH2), adhesion (CLDN1), and contraction (ADRA2B) were substantially downregulated in the aortic lesions. In contrast, cluster IV contained groups of genes that were expressed at low levels in WT, but were expressed at elevated levels in all mgR mice (1--4). Cluster V genes showed the lowest expression in WT mice, and their expression steadily increased as the disease progressed. Clusters IV and V contained genes involved in apoptosis (RYBP, RBM25, PDCL3, PERP, CASP12, GADD45A, CYCS), DNA damage response (TRRAP, MORF4L2), matrix degradation (PRSS23, MMP3), inflammation (PPBP), and actin polymerization (TMSB4X). Their upregulation likely reflect the aortic phenotype in MFS.

DISCUSSION
==========

MFS is a monogenetic connective tissue disorder characterized by skeletal deformities, ocular lens dislocation, and cardiovascular complications such as aortic dilatation and dissection. The underlying molecular basis for MFS pathogenesis is poorly understood. To advance the understanding of molecular pathogenesis, three previous studied analyzed the genes differentially expressed in human MFS samples or in samples from murine MFS models. Yao *et al*. performed cDNA microarray analysis of gene expression in cultured skin fibroblasts derived from MFS patients and unaffected controls ([@b22-bt22-2-0143]). However, large sample-to-sample variations in gene expression levels in the unaffected controls made it difficult to identify the genes differentially expressed in MFS. Radonic *et al*. performed cDNA microarray analysis of gene expression in skin biopsies of 55 MFS patients ([@b17-bt22-2-0143]). However, because the disease severity did not differ among the patients whose samples were analyzed, this study failed to identify a distinct gene expression pattern that marked the progression of MFS. Additionally, gene expression profiles of skin tissues may not be relevant to the phenotypic changes of aorta. Schwill *et al*. founded that genes related to immune system functions were differentially expressed in the aortic tissues of homozygous mgR mice. However, this study did not address the changes in gene expression patterns associated with MFS progression ([@b19-bt22-2-0143]). Therefore, using a murine model of MFS, we sought to characterize the genes differentially expressed at various stages during the course of MFS progression.

To this end, we employed four homozygous mgR mice that exhibited progressive severity in the fragmentation and organization of elastin fibers of the aortic walls. Comparison of the gene expression profiles of mgR and WT mice showed that transcripts of genes involved in myofibril assembly, actin cytoskeleton organization, and cell adhesion were highly enriched in the aortic tissues of mgR mice, suggesting that mgR mice recapitulated the aortic phenotype of MFS. Further analysis of DEG whose expression gradually changed with the severity of aortic pathology identified several genes whose known roles were suggestive of their involvement in MFS pathogenesis. As the disorganization of elastic fibers advanced, the expression of many genes was found substantially downregulated in the aortic walls. Among these genes, Met is a hepatocyte growth factor (HGF) receptor, and HGF/Met signaling has been shown to negatively regulate Angiotensin II that induces the premature senescence of vascular smooth muscle cells (VSMCs) ([@b10-bt22-2-0143]; [@b18-bt22-2-0143]). Given the therapeutic effect of Angiotensin II blockers such as losartan on the aortic dilatation in MFS, reduced expression of Met in aortic walls is likely to be associated with aortic pathogenesis in MFS ([@b7-bt22-2-0143]). MSLN and IRS2 promote cell proliferation and survival by activating phosphatidylinositol 3-kinase/Akt signaling pathway ([@b2-bt22-2-0143]; [@b6-bt22-2-0143]). Downregulation of MSLN and IRS2 may render VSMCs more vulnerable to a variety of MFS-related vascular stresses including oxidative stress and shear stress. Reduced expression levels of genes such as *ADRA2B* that regulate vascular contraction was seen in the aortic tissues of all mgR mice. ADRA2B is one of the adrenergic receptor group members and plays a key role in the VSMC contraction. In contrast, genes involved in extracellular matrix degradation were substantially upregulated in aortic walls as MFS progressed in mgR mice. It has been reported that MMP3 is upregulated in the aortic lesion of MFS and promotes aortic dilatation and dissection ([@b14-bt22-2-0143]). PRSS23 is a novel serine protease that is expressed during the development of cardiovascular system and has been shown to be involved in vascular TGF-β signaling ([@b4-bt22-2-0143]). Therefore, the upregulation of *PRSS23* may be consistent with MFS pathogenesis in the aortic walls. Genes involved in apoptosis were also found to be upregulated in the aortic walls of mgR mice. Among these genes, PDCL3 and CASP12 are known to activate caspase pathway during apoptosis ([@b23-bt22-2-0143]; [@b21-bt22-2-0143]). Rbm25 was shown to be involved in apoptosis and regulating the expression of proapoptotic factor BCL2L1 ([@b24-bt22-2-0143]). PERP and RYBP play key roles in TP53-dependent apoptotic pathway. PERP is the apoptosis-associated transcriptional target of TP53 and RYBP inhibits ubiquitination and subsequent degradation of TP53 ([@b1-bt22-2-0143]; [@b3-bt22-2-0143]). The expression of GADD4A is known to increase under conditions of DNA damage or stressful growth arrest ([@b8-bt22-2-0143]). These data suggest that VSMCs in the aortic lesions of mgR mice might be undergoing apoptosis under the conditions of DNA damage and other extracellular stresses. Indeed, genes such as *TRRAP* and *MORF4L2* that are related with DNA damage responses were substantially upregulated in mgR mice. TRRAP is a component of histone acetyltransferase complex and regulates the repair of DNA double strand breaks ([@b12-bt22-2-0143]). MORF4L2 is also a component of NuA4 histone acetyltransferase complex that participates in DNA damage responses and DNA repair ([@b20-bt22-2-0143]).

Although further studies are required to define the precise roles of several identified candidate genes in the aortic pathogenesis, our data provide valuable information regarding the genes that could contribute to the development and progression of the aortic wall destruction seen in MFS patients. A complete understanding of the precise molecular mechanisms responsible for MFS pathogenesis and progression will contribute to the development of effective therapeutics and prevent patient morbidity and mortality.
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![Aortic histopathology and FBN1 expression level of normal wild type and homozygous mgR mice. (A) Representative images of H & E and Movat-stained sections of thoracic aortas from wild type (WT) and homozygous mgR (mgR) mice. In the images of Movat-stained sections, elastic fibers are stained black. Aortic media of WT mouse show long parallel and closely packed arrays of intact elastic fibers. However, aortic media from mgR mice display various degrees of elastic fiber fragmentation and disorganization. Based on the histopathological severity, mgR mice were graded into 1 (least severe) to 4 (most severe). Vascular lumen is at the top in all the panels. Scale bar is 50 μm. (B) Quantitative real-time RT-PCR analysis of *FBN1* expression in the aortic tissues of WT and homozygous mgR mice. *FBN1* mRNA levels in mgR mice relative to its levels in WT (set as 1) was estimated (mean ± SEM, \**p*\<0.05; triplicate experiments).](BT22-2-0143f1){#f1-bt22-2-0143}

![Dynamic changes in the transcriptome of homozygous mgR mice. The hierarchical clustering of 1,137 DEGs (\>2-fold change compared to that in WT) is shown as a heat map. Gene expression level is shown in a color scale ranging from red (overexpression) to green (underexpression) according to the scale bar at the top of the heat map.](BT22-2-0143f2){#f2-bt22-2-0143}

![Five Clusters with different gene expression profiles during MFS progression. The 1,137 DEGs were clustered on the basis of the gene expression patterns in WT and four mgR mice. Five clusters with different gene expression profiles and the related genes selected from each cluster are shown. Gene expression level is shown in a color scale ranging from red (overexpression) to green (underexpression) according to the scale bar at the top of the heat map. The color scale is shown at the top of the heat map.](BT22-2-0143f3){#f3-bt22-2-0143}

###### 

Major biological processes representing genes that were differentially expressed in the aorta of homozygous mgR mice compared to that of the wild type aorta

  Gene ontology ID   Biological process                *p* value   Count
  ------------------ --------------------------------- ----------- -------
  GO:0055114         Oxidation reduction               1.28E-13    82
  GO:0030239         Myofibril assembly                6.35E-06    11
  GO:0030036         Actin cytoskeleton organization   3.07E-06    25
  GO:0007155         Cell adhesion                     0.034       35
